A coordinatively unsaturated iron(II)-digermyl complex, Fe[Ge(SiMe 3 ) 3 ] 2 (THF) 2 (1), was synthesized in one step by the reaction of FeBr 2 with 2 equiv of KGe(SiMe 3 ) 3 . Complex 1 shows catalytic activity comparable to that of its silicon analogue in reduction reactions. In addition, 1 acts as an effective precursor for the catalytic dehydrogenation of ammonia borane. Catalytically active species can also be generated in situ by simple mixing of the easy-to-handle precursors FeBr 2 , Ge(SiMe 3 ) 4 , KO t Bu, and phenanthroline.
Introduction
Group 14 ligands stabilize coordinatively unsaturated transition-metal centers due to their strong σ-donating properties and high trans-influence [1] [2] [3] [4] [5] . Among these, organosilyl ligands especially are widely used as supporting ligands. The creation of coordinatively unsaturated complexes is one of the most straightforward ways to develop efficient catalyst systems, especially in the field of base-metal catalysis [6] [7] [8] [9] [10] [11] , as base-metal compounds are usually obtained as coordinatively saturated species that exhibit low reactivity. The introduction of organosilyl ligands thus represents a potentially effective strategy to develop base-metal catalysts. We have recently reported that the four-coordinated iron(II)-disilyl complex Fe[Si(SiMe 3 ) 3 ] 2 (THF) 2 (2) exhibits a coordinatively unsaturated character and can thus act as an effective catalyst for reduction reactions [12] . Notably, 2 can be synthesized easily via the reaction of a commercially available iron salt with silyl anions.
Recently, the use of heavier-group-14 elements other than silicon has also been identified as a potentially effective strategy to develop highly active catalysts. For instance, Iwasawa and Takaya have examined the catalytic activity of Pd complexes that bear PSiP or PGeP pincer-type ligands in the hydrocarboxylation of allenes, and found that the latter exhibit superior catalytic performance relative to the former [13] [14] [15] . However, examples of iron complexes that contain heavier-group-14 ligands, such as organogermyl ligands, remain scarce due to a lack of synthetic methods [16] [17] [18] [19] [20] . Most iron-organogermyl complexes have been obtained from the reactions of an iron precursor with organogermanes that bear Ge-H moieties; however, coordinatively saturated species are often formed via this route. Based on the synthetic route to Complex 2, we hypothesized that a structurally similar coordinatively unsaturated iron(II)-digermyl complex could be accessed easily by using organogermyl anions instead of organosilyl anions. Herein, we report the corresponding synthesis of the germanium analogue of 2 and describe the catalytic performance of the resulting complex. Iron-digermyl Complex 1 was found to act as a good catalyst precursor for reduction reactions and the dehydrogenation of ammonia borane (NH 3 ·BH 3 ).
Results and Discussion

Synthesis of Iron-Digermyl Complex 1
Based on a slight modification of the method reported by Marschner et al. [21] , the potassium salt of the tris(trimethylsilyl)germyl anion, KGe(SiMe 3 ) 3 , was easily generated by treating Ge(SiMe 3 ) 4 with 1.05 equiv of KO t Bu in THF. A THF solution of KGe(SiMe 3 ) 3 was then treated for 1 h with 0.5 equiv of iron(II) bromide at room temperature to furnish iron(II) digermyl complex Fe[Ge(SiMe 3 ) 3 ] 2 (THF) 2 (1) in 74% yield as red-purple crystals (Scheme 1).
Scheme 1. Synthesis of Iron-Digermyl Complex 1.
Similar to its silicon analogue 2, 1 quickly decomposes upon exposure to air or moisture. The molecular structure of 1 was determined by single-crystal X-ray diffraction analysis, and an ORTEP drawing of the molecular structure of 1 is depicted in Figure 1 . Complex 1 adopts a distorted tetrahedral coordination geometry around its iron center, presumably due to the steric repulsion between the two Ge(SiMe 3 ) 3 ligands. The Ge-Fe-Ge angle of 1 (134.77(4) • ) is comparable to the analogous Si-Fe-Si angle in the silicon analogue 2 (135.23(3) • ). The Fe-Ge bond is slightly elongated (2.5589(8) Å) compared to those of previously reported iron-organogermyl complexes [17] [18] [19] [22] [23] [24] [25] [26] . In the 1 H NMR spectrum of 1, a broad singlet assignable to the SiMe 3 group appeared at 8.67 ppm, and two broad signals corresponding to two molecules of THF coordinated to the iron center were observed at 24.02 and 29.42 ppm, respectively. These spectral features indicate that 1 is paramagnetic; the magnetic moment of 1 estimated using the Evans method [27] [28] [29] is consistent with a high-spin S = 2 ground state (µ eff = 4.85). Despite its high sensitivity toward air and moisture, the elemental analysis of 1 was satisfactory.
Catalytic Performance of 1 toward Reduction Reactions
In our previous paper, 2 was found to exhibit good catalytic performance in reduction reactions, namely, the hydrosilylation of ketones and the reductive silylation of dinitrogen. A key aspect of these catalytic reactions is the fact that the organosilyl ligands promote the creation of a reaction site on the iron center owing to their high σ-electron donating ability and their strong trans-influence. In other words, coordinatively unsaturated catalytically active species are effectively generated in situ via the dissociation of THF. As 2 is a structural analogue of 1, we tested the catalytic performance of 1 in the two reduction reactions mentioned above.
Initially, we examined the 1-catalyzed hydrosilylation of ketones with Ph 2 SiH 2 . 4-Acetylbiphenyl and 4-phenyl-2-butanone were selected as representative aromatic and aliphatic ketones (Scheme 2). The hydrosilylation of 4-acetylbiphenyl with Ph 2 SiH 2 in the presence of 0.1 mol % of 1 in dioxane at room temperature proceeded smoothly to afford the corresponding silyl-ether in quantitative yield within 4 h. Similarly, complete conversion of cyclohexanone was confirmed within 4 h when the reaction was conducted using Ph 2 SiH 2 and 0.1 mol % of 1 at room temperature. It should be noted here that the catalysis mediated by the silicon analogue 2 was carried out under the reaction conditions shown in Scheme 2, indicating that the catalytic activity of 1 toward the hydrosilylation of ketones is comparable to that of 2. Scheme 2. Catalytic hydrosilylation of ketones catalyzed by 1.
Next, we examined the reductive silylation of dinitrogen catalyzed by 1. The reductive silylation of atmospheric dinitrogen was achieved using an excess of SiMe 3 Cl and KC 8 at room temperature in the presence of 0.2 mol % of 1. During this reaction, the formation of 11.4 equiv of N(SiMe 3 ) 3 per Fe atom was observed in THF, concomitant with the generation of byproducts including Me 3 Si-SiMe 3 and mono-and bis-silylated ring-opened THF, i.e., Me 3 SiO(CH 2 ) 3 CH 2 R (R = H or SiMe 3 ). However, the TON of the reaction catalyzed by 2 reached 22.9; thus, the catalytic performance of 1 seems to have decreased slightly due to the replacement of silicon by germanium as the coordinating atom.
Catalytic Dehydrogenation of Ammonia Borane Catalysed by 1
These results indicate that catalytic performance of 1 in reduction reactions is decent. In addition to these reduction reactions, we found that 1 also promotes a catalytic oxidation reaction, i.e., the dehydrogenation of NH 3 ·BH 3 , when the appropriate reagents are used. NH 3 ·BH 3 has been identified as an appropriate solid hydrogen-storage material due to its high hydrogen content, and accordingly, the catalytic production of hydrogen via the dehydrogenation of NH 3 ·BH 3 has attracted great attention. Recently, numerous transition-metal-mediated reactions have been developed based on the design and synthesis of appropriate catalysts [30] [31] [32] . Among these, iron-based catalysts represent some of the most promising candidates for the development of practical systems owing to their low cost, earth-abundance, and low toxicity [33] [34] [35] [36] [37] [38] [39] [40] [41] [42] . Thus, great efforts have been devoted to developing iron-mediated reactions for the dehydrogenation of ammonia borane derivatives. For instance, Baker reported that the iron catalyst (dcpe)Fe(N(Ph)CH 2 CH 2 (Ph)N) [dcpe = 1,2-bis(dicyclohexylphosphino)ethane], which contains a chelating diamide ligand, exhibits high catalytic performance and could complete the reaction within 15 min even at room temperature [33] . Several examples of iron catalysts that contain pincer-type ligands have also been reported to show good catalytic performance for this reaction [43] . For instance, the iron catalyst (PNP)Fe(H)(CO) [PNP = N(CH 2 CH 2 P i Pr) 2 ], which contains a PNP pincer ligand, was reported by Schneider et al. and shows exceptionally high catalytic activity at room temperature [34] . Complete consumption of NH 3 ·BH 3 was confirmed at catalyst loadings as low as 0.5 mol %. A theoretical study revealed that the cooperative function between the iron center and the nitrogen atom of the PNP ligand plays a crucial role in the activation of NH 3 ·BH 3 in this catalytic reaction. Despite the large number of iron-catalyzed dehydrogenation reactions that have been developed, almost all require the synthesis of iron catalysts that bear bespoke and often difficult-to-synthesize auxiliary ligands or that are difficult to isolate due to their sensitivity toward air and/or moisture. An exceptional example was introduced by Manners and co-workers, who reported that the commercially available dinuclear iron catalyst [CpFe(CO) 2 ] 2 (Cp = η 5 -C 5 H 5 − ) can effectively catalyze the dehydrogenation of Me 2 NH·BH 3 under irradiation from a medium-pressure mercury lamp [35, 36] . The [CpFe(CO) 2 ] 2 -catalyzed dehydrogenation of NH 3 ·BH 3 under irradiation from an LED lamp was achieved by Waterman et al. [37] . However, in these catalytic reactions, continuous irradiation is required. We discovered that NH 3 ·BH 3 underwent dehydrogenation at 55 • C in the presence of a catalytic amount of 1 and the appropriate auxiliary ligand and additive. Initially, we treated NH 3 ·BH 3 in THF (0.1 M) at 55 • C with 5 mol % of 1 in the presence of t BuOH (5 mol %) and a series of auxiliary ligands. As shown in Table 1 , phenanthroline, bathophenanthroline, a diimine, an N-heterocyclic carbene (NHC), N,N,N ,N -tetramethylethylenediamine (TMEDA), and pyridine were examined. We found that the addition of phenanthroline resulted in the highest conversion of NH 3 ·BH 3 (Entry 2), while the more electron-withdrawing ligand bathophenanthroline was less effective. The reaction also proceeded with lower conversion in the presence of the π-accepting diimine ligand. In contrast, the combination of 1 and the σ-donating nitrogen-based ligands TMEDA and pyridine resulted in negligible catalytic activity (Entries 8 and 9), while the addition of the NHC i Pr 2 IM Me furnished the dehydrogenated product in 32% (Entry 7). The reaction did not occur in the absence of an additional auxiliary ligand (Entry 1). The optimal ratio of 1: t BuOH was found to be 1:1, and the conversion of NH 3 ·BH 3 decreased when the amount of t BuOH was increased (1: t BuOH = 1:2; Entry 3). The conversion increased slightly when the reaction time was extended to 72 h (Entry 4). 11 B{ 1 H} and 11 B NMR spectroscopic measurements revealed that NH 3 ·BH 3 was converted into 3, 4 and 5 in a ca. 3:5:8 molar ratio in each case [44] . After optimization of the auxiliary ligand, further screening of the other additives, except for t BuOH, was performed. As noted above, NH 3 ·BH 3 has been reported to be effectively activated in a cooperative fashion over the Fe-N bond in several iron catalysts. We therefore examined the potential generation of catalytically active species with Fe-N bonds by using amine additives ( Table 2 ; Entries 4-8). As expected, the yield of the dehydrogenated product increased in the reactions shown in Entries 4-7. Among these, t BuNH 2 was identified as the most effective additive, which furnished 76% conversion of NH 3 ·BH 3 into 3, 4, and 5. In contrast, the addition of 2,6-diisopropylaniline decreased the conversion, presumably due to the increased steric hinderance around the Fe-N bond (Entry 8). The dehydrogenation of NH 3 ·BH 3 also occurred in the presence of an aliphatic carboxylic acid, though the products were obtained in lower yield. It should be noted that the use of the iron complex 2 instead of 1 resulted in a slight increase in the conversion under the same reaction conditions (Entry 3). The organogermyl anion KGe(SiMe 3 ) 3 can be quantitatively generated in situ by the reaction of Ge(SiMe 3 ) 4 and KO t Bu in THF. Thus, we hypothesized that the catalytically active species for the dehydrogenation of NH 3 ·BH 3 could be easily generated in situ by simply mixing FeBr 2 , Ge(SiMe 3 ) 4 , KO t Bu, and phenanthroline. In fact, NH 3 ·BH 3 could be dehydrogenated using this catalyst system, and the conversion reached 26% (Scheme 3). Although the conversion was lower than that obtained by the reaction catalyzed by isolated 1, it should be noted that all the reagents used in the present catalysis are easily available and easy to handle. Thus, the catalysis shown in Scheme 3 should allow for a practical and convenient catalytic dehydrogenation of NH 3 ·BH 3 via a base-metal catalyst. To gain some insight into the reaction mechanism of the dehydrogenation of ammonia borane, a stoichiometric reaction between 1 and t BuOH was performed in THF at room temperature. Although the isolated yield was relatively low (~5%), the dinuclear iron complex 6, which contains a bridging O t Bu group, was formed in this reaction (Scheme 4). Complex 6 was also obtained from the reaction of FeBr 2 , KGe(SiMe 3 ) 3 , and KO t Bu in a 1:1:1 ratio in THF (details are shown in the supporting information). The molecular structure was determined via single-crystal X-ray diffraction analysis, and the structural parameters are summarized in the supporting information. It is interesting to note that one of the two iron centers adopts three-coordinated trigonal planar geometry. These results suggests that the catalytically active species may be the mononuclear iron species "(phenanthroline)[Ge(SiMe 3 ) 3 ]Fe(O t Bu)," which was generated in situ via the cleavage of the Fe-O bond of 6, and the coordination of phenanthroline. The higher σ-electron-donating properties and the stronger trans-influence of the organosilyl ligand compared to the organogermyl ligand may allow for a more effective cleavage of the bridging Fe-O bond, leading to the somewhat superior catalytic activity of 2 compared to 1. However, it should be emphasized here that the structurally similar silyl analogue of 6 could not be accessed via a reaction analogous to that shown in Scheme 4 starting from 2. The decomposition of the product might be ascribed to the high oxo-affinity of silicon. Thus, the use of the organogermyl ligand contributed to the elucidation of the reaction mechanism by stabilizing the intermediary species. 
Materials and Methods
Manipulation of air and moisture sensitive compounds was carried out under a dry nitrogen atmosphere using Schlenk tube techniques associated with a high-vacuum line or in the glove box which was filled with dry nitrogen. All solvents were purchased from Kanto Chemical Co. Inc. (Tokyo, Japan), and were dried over activated molecular sieves. 1 H, 11 B, and 11 B{ 1 H} NMR spectra were recorded on a JEOL Lambda 400 spectrometer at ambient temperature unless otherwise noted. 1 H NMR chemical shifts (δ values) were given in ppm relative to the solvent signal, whereas 11 B NMR chemical shifts were given relative to the standard resonances (NaBH 4 ). Elemental analyses were performed by the Thermo Scientific FLASH 2000 Organic Elemental Analyzer. The starting compounds, Ge(SiMe 3 ) 4 and potassium tris(trimethylsilyl)germanide, KGe(SiMe 3 ) 3 [21], were synthesized by a method reported in the literature. All reagents were purchased from FUJIFILM Wako Chemicals (Osaka, Japan), Tokyo Chemical Industries Co., Ltd. (Tokyo, Japan) or Sigma-Aldrich (St. Louis, USA), and were used without further purification.
Preparation of Potassium Tris(trimethylsilyl)germanide
Potassium salt of germyl anion, KGe(SiMe 3 ) 3 , was prepared from a reaction of Ge(SiMe 3 ) 4 (3.142 g, 8.6 mmol) with KO t Bu (1.009 g, 9.0 mmol) in THF (40 mL) at room temperature. The solvent was removed in vacuo, and the remaining crude product was then dried at 40 • C overnight to afford KGe(SiMe 3 ) 3 as pale yellow powder in 58% yield (1.64 g). Formation of KGe(SiMe 3 ) 3 was confirmed by 1 H NMR spectra.
Synthesis of (THF) 2 Fe[Ge(SiMe 3 ) 3 ] 2 (1)
In a 50 mL schlenk tube, FeBr 2 (86.3 mg, 0.4 mmol) was suspended in THF (10 mL), and THF (5 mL) solution of KGe(SiMe 3 ) 3 (278 mg, 0.84 mmol) was then slowly added to this solution at room temperature. The solution was stirred at room temperature for 1 h. In the course of this reaction, the color of the solution turned to dark red purple, and the solution was then centrifuged to remove the insoluble materials. The mother liquid was evaporated in vacuo, and the obtained solid was dissolved in pentane (20 mL). The solution was again centrifuged to remove the insoluble materials. The supernatant was collected, and THF (1 mL) was added. The solvent was concentrated to ca. 3 mL, and the remaining solution was cooled at −30 • C. Complex 1 was obtained as red-purple crystals in 74% yield (0.232 g). 1 
General Procedure for the Reduction of Carbonyl Compounds Catalyzed by 1
Catalyst 1 (2.0 mg, 0.003 mmol, 0.1 mol %) was placed in a 10 mL flask, and the substrate, Ph 2 SiH 2 (1.28 mg, 6.6 mmol), 4-acetylbiphenyl or 4-phenyl-2-butanone (3 mmol), and dioxane (0.5 mL) were then added, in this order. The resulting mixture was stirred at room temperature for 4 h, and the complete consumption of the substrate and the yield of the product were then confirmed by 1 H NMR spectrum with anisole as an internal standard.
General Procedure for the Catalytic Silylation of N 2 Catalyzed by 1
The following procedure is analogous to those reported in previous papers [12] . A 10 mL flask was charged with KC 8 (270 mg, 2.0 mmol) and THF (5 mL), and Complex 1 (0.004 mmol, 0.2 mol %) and Me 3 SiCl (0.25 mL, 2.0 mmol) was then added to this suspension. The remaining suspension was vigorously stirred at room temperature for 24 h under successive supply of N 2 (1 atm). After the reaction, cyclododecane (60 mg, 0.36 mmol) was added as an internal standard, and the yield of the formed N(SiMe 3 ) 3 was then determined by GC/GC−MS.
General Procedure for the Dehydrogeantion of Ammonia Borane Catalyzed by 1
Catalyst 1 (20 mg, 0.025 mmol, 5 mol %) was dissolved in THF (2 mL) in a 4 mL reaction vessel, and the additives shown in Tables S1 or S2 in the supporting information were then added to this solution. The obtained solution was stirred for 15 min at room temperature, and ligands shown in Tables S1 or S2 were then added. After stirring this solution for 15 min at room temperature, the obtained solution was added to THF (2 mL) solution of ammonia borane (15 mg, 0.5 mmol). The resulting mixture was stirred at 55 • C for the time indicated in Tables S1 and S2. Conversion of ammonia borane was confirmed by 11 B and 11 B{ 1 H} NMR spectrum.
Synthesis of Dinuclear Iron Complex, [Ge(SiMe 3 ) 3 ]Fe(µ-O t Bu) 2 Fe(THF)[Ge(SiMe 3 ) 3 ] (6)
In a 50 mL schlenk tube, Complex 1 (335 mg, 0.43 mmol) was dissolved in THF (2 mL), and t BuOH (40 µL, 0.43 mmol) was added to this solution at room temperature. The solution was stirred at room temperature for 1 h. In the course of this reaction, the color of the solution turned from dark red purple to brown, and the solvent was then removed in vacuo. The crude product was dissolved in pentane (1 mL), and the remaining solution was cooled at −20 • C. Complex 6 was obtained as brown crystals iñ 5% yield. The molecular structure of 6 was exclusively determined by X-ray diffraction analysis.
Complex 6 was alternatively obtained from the reaction of FeBr 2 , KGe(SiMe 3 ) 3 , and KO t Bu. Iron dibromide (216 mg, 1.0 mmol) was dissolved in THF (2 mL), and a KO t Bu (112 mg, 1.0 mmol) and THF (3 mL) solution of KGe(SiMe 3 ) 3 , prepared in situ from the reaction of Ge(SiMe 3 ) 4 (385 mg, 1.05 mmol) and KO t Bu (123 mg, 1.1 mmol), was added to this solution at room temperature. The solution was stirred at room temperature for 1 h. The solution was centrifuged to remove insoluble materials, and the mother liquid was dried under vacuum. The remaining crude product was dissolved in pentane (5 mL), and centrifuged to remove a small amount of insoluble materials, and the mother liquid was then concentrated to ca. 1 mL. After cooling this solution at −20 • C, Complex 6 was obtained as brown crystals. The cell parameters of the obtained crystals were consistent with those found in crystals of 6, which was synthesized in the procedure described above.
X-ray Data Collection and Reduction
X-ray crystallography for Complexes 1 and 6 was performed on a Rigaku Saturn CCD area detector with graphite monochromated Mo-Kα radiation (λ = 0.71075 Å). The data were collected at 183(2) K using a ω scan in the θ range of 3.01 ≤ θ ≤ 27.45 deg for 1 and 3.28 ≤ θ ≤ 27.48 deg for 6. The data obtained were processed using Crystal-Clear (Rigaku) on a Pentium computer, and were corrected for Lorentz and polarization effects. The structures were solved by direct methods [45] , and expanded using Fourier techniques. Hydrogen atoms were refined using the riding model.
The final cycle of full-matrix least-squares refinement on F 2 was based on 5750 observed reflections and 188 variable parameters for 1 and 11,471 observed reflections and 388 variable parameters for 6. Neutral atom scattering factors were taken from International Tables for Crystallography (IT), Vol. C, Table 6 .1.1.4 [46] . Anomalous dispersion effects were included in Fcalc [47] ; the values for ∆f' and ∆f" were those of Creagh and McAuley [48] . The values for the mass attenuation coefficients are those of Creagh and Hubbell [49] . All calculations were performed using the CrystalStructure [50] crystallographic software package except for refinement, which was performed using SHELXL Version 2017/1 [51] . Details of the final refinement as well as the bond lengths and angle are summarized in Tables S3 and S4 , and the numbering scheme employed is shown in Figures S3 and S4 , which were drawn with ORTEP at 50% probability ellipsoids. CCDC numbers 1971242 (1) and 1971243 (6) contain the supplementary crystallographic data for this paper. These data can be obtained free of charge from the Cambridge Crystallographic Data Centre via www.ccdc.cam.ac.uk/data_request/cif.
Conclusions
In summary, we have described a facile synthesis of the four-coordinated iron-digermyl complex 1 via the reaction of FeBr 2 and in-situ-generated KGe(SiMe 3 ) 3 . Complex 1 shows high catalytic performance in the hydrosilylation of ketones and in the reductive silylation of dinitrogen. Additionally, 1 acts as a good precursor for the catalytic dehydrogenation of ammonia borane (NH 3 ·BH 3 ) in the presence of t BuNH 2 and phenanthroline. It should be emphasized that the catalytic dehydrogenation of NH 3 ·BH 3 was realized using a catalyst system consisting of stable and easy-to-handle precursors. The use of the organogermyl ligand was found to contribute to both the generation of coordinatively unsaturated reactive complexes and the isolation of a key intermediary species involved in the catalysis. Efforts to develop efficient base-metal catalysts based on the introduction of heavier-group-14 ligands are currently in progress in our laboratory.
